Communication is a real barrier to organizing international production as it hinders knowledge transmission. This paper provides evidence to suggest that a way in which multinational firms economize on costly information transfers is by using skilled foreign workers, since local talent can substitute for knowledge inputs from the headquarters. Combining U.S. data on headquarter service exports with information on communication costs and skill endowments by country, I find that while communication costs decrease the export of headquarter services to foreign affiliates, the effect becomes weaker in the average educational attainment of foreign workers. The sensitivity of headquarter service exports to communication barriers at low levels of skill endowment has important implications for the geography of multinational production, as well as for policies aimed at improving communication infrastructure.
Introduction
Developments in communication and transportation technologies are often cited as the catalyst for global production networks. 1 Increasingly, firms establish new facilities in foreign markets or relocate divisions of their production chain abroad. But as production networks expand across national borders, multinational corporations (MNC) must account for new costs arising from managing, coordinating and monitoring foreign operations. Information transmission costs represent such an example.
1 A key assumption in models of foreign direct investment (FDI) is that firms are able to transfer their technologies abroad. However, technology diffusion is costly. Its success depends on the effectiveness of information transmission (Arrow, 1969; Teece, 1977) . So, developments in communication technologies have definitely facilitated the expansion of multinational firms (di Giovanni, 2005) . Additional insights are provided by Hummels et al. (2001) , who bring evidence on the significant growth in vertical production networks over the last few decades, prompting conjectures about the role of developments in transportation and communication technologies as likely explanations.
2 Yeaple (2009) provides intriguing evidence on the decrease in total affiliate sales with distance from their U.S. headquarters. Keller and Yeaple (2013) and Irarrazabal et al. (2013) rationalize this by the increased cost at which headquarter knowledge and services are available for distant affiliates. Head and Ries (2008) cite monitoring costs as frictions that inhibit cross-border ownership over distance.
3 Keller and Yeaple (2013) find that knowledge intensive inputs are more likely to be produced by parent firms and shipped to foreign affiliates to avoid the inefficiencies resulting from transferring know-how from person to person. This has direct implications for the type of activities relocated abroad, with routine tasks being more likely to be offshored relative to complex tasks (Oldensky, 2012; Liu et al., 2011). of multinational production in face of barriers to information transmission (Keller and Yeaple, 2013; Oldensky, 2012; Liu et al., 2011) . The closest papers to this one are Antras et al. (2006 Antras et al. ( , 2008 , who model multinational production as resulting from the efficient organization of knowledge flows in the presence of heterogeneous workers. In their empirical work, Antras et al. (2008) provide first evidence that the positive effect of a country's skill endowment on inbound FDI flows decreases in the development of intra-national communication technology. This paper takes the theoretical foundations in Antras et al. (2006) and complements the empirical work in Antras et al. (2008) in several ways: 1) by focusing on intra-firm export of services rather than total FDI flows in order to capture more directly the extent of headquarters' involvement in the production operations of foreign affiliates; 2) by using measures of cross-border rather than intra-national communication barriers; and 3) by exploiting panel rather than cross-sectional data, which allows the use of fixed effects to control for unobservable country-specific factors. Ultimately, understanding how communication barriers affect the organization of production is important, since part of the success of global production networks stems from managing knowledge flows efficiently. The findings here could also provide policy makers in less skill endowed countries with the necessary tools to support developments in communication infrastructure as a way to increase foreign investments.
Lastly, this paper is related to the recent work on the role and determinants of intra-firm trade. 6 Of particular interest for this study is the work of Irarrazabal et al. (2013) , who emphasize two conditions necessary to rationalize the decline of multinational activity over distance: 1) affiliate production relies on headquarter inputs, which implicitly generates intra-firm trade; and, 2) intrafirm trade is subject to geographic frictions. Rodriguez-Clare et al. (2012) also build a model of multinational production where intra-firm transfers of intangible assets occur with a loss in their efficiency.
The rest of the paper is structured as follows. The next section describes the theoretical set-up based on Antras et al. (2006) , which motivates the interdependence between communication costs and average skill level of the foreign labor force in determining the exports of headquarter services. Section 3 presents the estimation strategy, while the data sources are provided in Section 4. Section 5 discusses the estimation results, including the robustness checks. Section 6 concludes.
Theoretical Hypothesis
The empirical analysis of this paper is motivated by Antras et al. (2006) . In this section I will describe a key insight of their model in order to provide intuition for the hypothesis that I will examine in the data. The main aim is to guide the econometric exercises and the interpretation of the results (rather than derive hypotheses for a direct test of their theory).
In their framework, Antras et al. (2006) assume a world of heterogeneous agents who are endowed with knowledge, defined by their skill level z, and with one unit of time. Production requires both knowledge and physical inputs supplied through labor effort. An effective way to generate economic activity in this environment of skill heterogeneity and time constraints is by organizing agents into teams formed by a manager of skill z m and n production workers of skill z p , with z p ≤ z m . This way workers allocate their time towards producing goods, while the more talented manager uses her time to oversee and provide knowledge inputs to workers whenever they encounter problems that need to be resolved before production gets finalized.
By choice of units, the skill level of an agent reflects the fraction of tasks she can successfully accomplish out of all the tasks involved in the production of the final good. To be precise, a worker of skill z p knows the solution to a fraction z p of all the problems that may arise during the production process. For any unresolved problem, the worker can ask the manager for solutions.
Knowledge transmission is costly in terms of manager's time. The manager communicates with a worker at cost h expressed in time units, with 0 < h < 1. If the manager has a solution to the problems brought up, which happens for a fraction z m of all possible problems, then the worker is able to continue and complete production. If the manager does not have an answer to the problems raised, which happens with probability 1-z m , then production for that unit fails and labor efforts are wasted.
A key insight from this set-up is that the size of the production team handled by a manager is determined by the amount of time the manager devotes per worker and by the level of communication cost. Since a worker needs guidance for a fraction (1 − z p ) of the problems encountered, and the unit cost of knowledge transmission expressed in units of time is h, then the time constraint faced by a manager leading a team of n workers can be written as:
The appealing feature of equation (1) is the embedded tradeoff between the skill level of the production workers and the size of the production team at a given level of communication cost h.
Skilled workers economize on the need for knowledge transfers, and more broadly on the need for coordination and monitoring, allowing the manager to expand her span of control. This insight is especially valuable when production takes place at large distances, case in which coordination and communication are more difficult.
Output results from combining the labor efforts supplied by the n workers with the managerial talent given by the knowledge level z m . With the information received from the manager, each worker of skill z p can now solve z m fraction of problems, which defines her output per unit of time.
Taking the skill level z p as a measure of workers' productivity, one can interpret communication as a costly technology that augments labor productivity. The total production realized by a team of size n of z p workers is then given by:
Any profit obtained by the firm compensates the manager for her talent. Normalizing the price of the (homogenous) final good produced, and letting w(z p ) denote the equilibrium wage for workers of skill z p , the manager's rent is given by:
where the second equality is obtained after substituting for n(z p ) using equation (1).
Equation (3) shows an important outcome of the model: the complementarity between the skill of the manager, z m , and that of its production team, z p . More able workers already know how to solve many of the production problems they encounter. They need intervention only in exceptional cases, which is when the manger's expertise gets solicited. Therefore, the manager's skill must be above that of its production workers, otherwise matching and team production become unnecessary.
Managers maximize the rent in equation (3) subject to their time constraint in equation (1).
This leads to the following differential equation for worker wages:
Each agent of skill z maximizes income {R(z), w(z)}, and, in doing so, makes an occupational choice decision. Letting z * denote the marginal skill level of the agent who is indifferent between becoming a worker or a manager, then z * solves the equation R(z * ) = w(z * ).
In equilibrium, the labor market must clear and all workers in the economy must be matched to managers. Letting m(z) define the ability of the manager of a worker with skill level z, the labor market clearing condition can be written as:
where the left hand side of the equation measures the supply of production workers, while the right hand side captures the demand for production workers coming from the available managers.
Deriving this condition with respect to z p , one can solve the resulting differential equation to get the equilibrium assignment function m(z). 7 Antras et al. (2006) provide a complete characterization of the model equilibrium, which is defined by an assignment function of workers z to managers m(z) (i.e., team formation process), an occupational choice decision characterized by z * , a wage function w(z) and a managerial rent function R(z). In the interest of brevity, and given the empirical focus of this paper, I omit the characterization of the equilibrium and refer the interested readers to their paper. Though an important point worth emphasizing here is that, in equilibrium, both the assignment function m(z), and the wage function w(z) depend on the level of communication costs h and on the distribution of skills. To see that, notice that the demand for workers in equation (5) is derived from the number of workers per production team integrated over the range of managers' skills. However, the level 7 The two boundary conditions necessary for solving the equation follow directly from the positive sorting condition and are given by: m(0) = z * , and m(z * ) = 1. In addition, continuity in the assignment function must be ensured, so that the wage function is differentiable over all skill levels z < z * .
of communication costs has a direct influence on the size of the production team (equation (1)).
Once the assignment function m(z) becomes a function of h and of the parameters of the skill distribution, it follows from equation (4) that the wage function w(z) will also depend on these parameters.
When communication costs are large, hiring more skilled workers is an alternative managers may consider as a way to alleviate the burden of costly information transmission. However, managers' sensitivity to changes in communication costs also depends on the availability of skilled workers in the economy. At a low average skill level, costly information transmission is more of a concern as workers are not very productive on their own without managers' intervention. Denoting by α the average skill level in the economy, it can be shown that δm(z) δh < 0 (for values of z below a certain threshold), and that δm(z) δhδα > 0. 8 It is this insight of the model that I will investigate in the empirical part of the paper. The goal is to understand the extent to which the availability of skilled labor in the foreign market can act as a substitute for knowledge inputs from the headquarters when information transmission is costly.
An empirical complication comes from the use of aggregate data. This requires paying additional attention to the implications of the scale effects of FDI for the model predictions regarding skill composition. I defer that discussion to the empirical strategy section.
Offshoring and Multinational Production
The production problem just described can be embedded in a two country framework, where one of the countries, e.g., the North, is endowed with relatively more skilled labor than the other country, e.g., the South. In this context, managers can form teams with agents from the same country (i.e, domestic teams), or from the foreign country (i.e, cross-border teams). As shown in Antras et al. (2006) , offshoring arises in this setting as a result of cross-border team formation. The positive sorting of managers and workers illustrated by equation (3) ensures that the best managers match with the most skilled production workers available anywhere in the world. 9 As there are more managers in the North and each manager seeks to attract the more skilled foreign workers before hiring the less skilled domestic workers, in equilibrium there is always going to be cross-border team production. 10 The output produced by the international production teams captures the size of the multinational activity, while the value of the knowledge inputs provided by the headquarters > 0. 9 A simplifying assumption in Antras et al. (2006) is that the communication cost h is the same for domestic and international teams, which explains why managers seek to attract the best workers irrespective of the location. This may seem restrictive given the paper's empirical focus. However, since the variation exploited in the data analysis is within country over time, to the extent that cross-border communication costs co-vary with intra-national infrastructure improvements, then this simplifying assumption is not inconsistent with the empirical analysis. Another aspect omitted from the theory but present in the data is the fact that in a multi-country world, the communication cost h also differs across destinations, raising the issue of foreign location decisions. However, since many factors outside the model are first-order determinants of location choices across destinations, in the empirical analysis I take the presence of U.S. multinationals across countries as given, and only focus on how communication costs and foreign skill levels contribute in explaining the extent of headquarters' involvement in affiliates' activities.
10 This is true as long as there are cross-country differences in the distribution of skill.
(i.e., headquarter services) represents a measure of offshoring, as defined from the perspective of the Southern country.
The interest of this paper is to examine how the communication cost affects the cross-border team formation, and more exactly, how its interaction with the average skill level in the foreign country influences the value of service offshoring and the size of multinational production. More exactly, building on Antras et al. (2006 Antras et al. ( , 2008 , the goal for the empirical analysis is to investigate the following hypothesis:
Offshoring and multinational production fall in communication costs. However the rate at which offshoring and multinational production decrease is slower the higher the average skill level of workers in the foreign country.
The intuition behind this hypothesis can be explained as follows. An increase in communication costs measured in units of time spent solving one worker problem has a direct negative impact on the number of workers a manager can handle, i.e., on the size n of the production team (see equation (1)). With fewer workers assigned per manager, the only way the labor market can clear in equilibrium is if there are more managers to form production teams with the unmatched workers. This raises the demand for managers in both countries and puts an upward pressure on the managerial rent that the marginal workers could earn, triggering a switch of the highest skilled workers into becoming managers. When the average skill level of the agents in the South is high, the equilibrium occupational cutoff separating workers from managers happens at a higher ability level. 11 So, the marginal workers who become managers are quite skilled (i.e., higher z), which implies that by the positive sorting rule (equation (3)), the new managers are able to attract more capable workers and establish larger production teams as compared to the case when the average skill level in the South is low. As a consequence, the initial supply of unmatched workers clears with fewer switches of workers into managers. The slower rate of occupational switching also implies smaller changes in the labor pool, e.g., a smaller reduction in the number and average skill level of the remaining workers. This means that the skill level and size of multinational production teams do not change as much due to the increase in communication cost, explaining the attenuation effect provided by the availability of foreign skilled workers on the negative impact of communication costs on multinational activity. Put differently, costly communication is not such a big deterrent to foreign investments when the foreign workers available for hire are skilled.
Empirical Specification
The goal is to investigate empirically the prediction that high cross-border communication costs affect multinational production negatively, and that the magnitude of this elasticity varies in a systematic way with the average skill level of the foreign labor force.
11 In Antras et al. (2006) , each agent maximizes income and in doing so makes an occupational choice decision. So, there is a marginal skill level z * corresponding to the agent who is indifferent between becoming a worker or a manager, which solves the equation R(z * ) = w(z * ). The skill level z * defines the equilibrium occupational cutoff.
Given the theory-motivated focus on cross-border team production, the outcome variable to be examined should capture the involvement of the headquarters in the production activities of foreign affiliates. This is because the knowledge provided by the top managers is the input primarily affected by changes in communication costs or by changes in the average skill of the foreign labor force. Thus, I use information on the volume of intra-firm exports of headquarter services undertaken by U.S. multinational firms.
The estimation strategy is based on the knowledge-capital model of the multinational enterprise (Markusen, 2002) , a popular framework for examining FDI flows that combines traditional gravity variables with factor endowments and international policy indicators. 12 I normalize the value of headquarter service exports by the total volume of service exports so that any unobservable factors that affect bilateral services trade in the same way irrespective of the nature and transaction type of these services (i.e., intra-firm versus arm's length trade) get removed from the regression. By focusing on service trade shares rather than levels, I minimize the incidence of spurious correlation. In the end, I arrive at the following regression specification:
where j indexes the foreign trade partner, t indexes the years, and α t denotes the year fixed effects. 13
The exporting country index is suppressed because of the use of U.S. exports data in the empirical analysis. The regression coefficients β capture the net effect of the explanatory variables on the export of headquarter services relative to the total export volume of services. Therefore, the sign, the magnitude and the statistical significance of β coefficients should not be confounded with a level effect on the exports of headquarter services.
HQServExport measures the value of intra-firm exports of "other private services" undertaken by parents of U.S. multinational firms to their foreign affiliates located in country j. 14 The knowl-12 It is useful to note that a log-additive version of Markusen (2002) knowledge capital model, estimated in its linear form by Carr et al. (2001) and Blonigen et al. (2003) , boils down to the set of exogenous variables included as controls in the regression specification estimated in this paper. Three features of my data sample make the non-linearities in the knowledge-capital model be almost entirely captured by distinct, log-linear host country variables: 1). the estimation sample uses only U.S. outbound FDI data, so the U.S. is the parent country in all bilateral pairs; (2). the estimation strategy controls for year and country-pair fixed effects, which means that any non-log-linear parent-host variable gets identified only from country j specific deviations from U.S. trends; (3). in the limited set of countries that make the estimation sample (see Appendix Table A1 ), the U.S. is the largest and most skilled abundant country (see Appendix Figure A1 ), which means that any constructed variables combining parent and host country data are in effect monotonic transformations of the host country data.
13 The empirical literature on the boundaries of the multinational firms uses the fraction of intra-firm trade in total trade as a measure of the extent of vertical integration (see, for example, Antras (2003) and Yeaple (2006) among others). In spite of the common dependent variable to be explained, the interest of my econometric analysis is quite distinct from the research questions pursued in this literature, which focus on the trade-off between outsourcing and vertical integration.
14 The category "other private services" consists of all private services other than travel, passenger fares, other transportation, and royalties and license fees. The largest service activities represented in this category are "business, professional and technical" services. Due to confidentiality reasons, data on related-party trade is not available for either subcategory of other private services.
edge intensive nature of the services typically traded within the boundaries of the firm make them a good proxy for the amount of information transmission that takes place cross-border between agents in integrated production teams.
The variable of interest, CommunicCost, denotes the cost of international communication between the headquarter and the host country. In the empirical analysis I use telecommunication data -the telephone rates charged per minute of phone call to country j -to measure communication costs. In robustness exercises, I also use data on other modes of communication such as the Internet or face-to-face communication, as measured by air travel flows. The theory framework formalizes the mechanism through which the cost of information transmission affects negatively the size of the production team (i.e., span of control), decreasing the aggregate volume of communication between managers and foreign production workers, as well as the total output produced by the foreign affiliates. In terms of the regression model, this implies that β 1 < 0. 15 In addition to the model predictions, there may be other channels outside of this framework through which communication costs affect the volume of intra-firm services trade -directly or indirectly, though an impact on the level of FDI (see, for example, Defever, 2012; Gumpert, 2014) . These alternative channels linking communication costs to intra-firm trade and FDI are also going to be captured by the estimate β 1 .
The key variable for the purpose of this paper is the interaction term between educational attainment (Skill ) and the cost of knowledge transmission (CommunicCost). 16 The theory predicts that high barriers in communication must suppress the export of headquarter services even more when no skilled workers are available in the foreign market to mitigate the need for substantial cross-border knowledge transmission. Thus, the interaction term Skill ×CommunicCost identifies the extent to which the average skill level of the workers in a foreign country acts as a substitute for knowledge inputs from the headquarters, alleviating the burden of costly information transmission.
Following this intuition, I expect β 2 > 0. This effect is going to be the main coefficient of interest in the estimation exercises. It is worth mentioning here that β 2 should not be interpreted as a direct test of Antras et al. (2006) , but rather an empirical regularity consistent with their theory. 15 This statement assumes that the total export of services is less knowledge intensive and thus less sensitive to communication frictions than headquarter services are.
16 Educational attainment has been a standard proxy for skilled labor endowments because of the large country coverage of the dataset. See Yeaple (2003) or Blonigen et al. (2003) among others.
17 The only way an alternative mechanism that relates communication costs to FDI is going to affect the estimate of β2 is if this alternative mechanism operates in conjunction with the average skill level of workers in the foreign country. Otherwise, any hypothesis linking communication costs to FDI will be captured by the independent effect of CommunicCost on the export share of headquarter services. To my knowledge, no other trade theory besides Antras et al. (2006 Antras et al. ( , 2008 provides a mechanism relating communication costs to the average skill level of workers in the foreign country in order to explain intra-firm trade and overall FDI. levels could reflect information about the characteristics of communication networks, about the connectivity and quality of services in general.
A potential drawback in using quantity measures comes from the fact that causality is less transparent: while price changes are typically taken as exogenous shocks to the activity of firms (more on this in the estimation results section), changes in the communication flows are more likely to be endogenous. I address this issue when describing the communications data, but also when discussing the instrumental variables (2SLS) method proposed as estimation strategy. 18 In the end, I expect the volume of communication to perform well as an indicator of the inverse of the cost of communication, and expect the regression coefficients corresponding to β 1 and β 2 to be significant yet of opposite sign.
The remaining time-varying foreign country control variables include factors capturing market access and market potential, which are standard determinants of FDI. The economic size and income level of the host country, as measured by the population size (Pop) and real per-capita GDP (PcGDP ), account for the attractiveness of the foreign market as location for horizontal FDI.
The factor endowment of the host country, measured by the capital-to-labor ratio, controls for one of the key determinants of the boundaries of the firm, and thus of intra-firm trade. TCost denotes the bilateral trade costs, as measured by a set of time-varying economic indicators: the trade openness of the host country, the real exchange rate and the strength of ethnic networks (i.e., number of persons living in the U.S. and born in country j ). MktPotent denotes the market potential of the foreign country j, constructed as the distance weighted average of all countries' GDP (except its own). When affiliate production is not entirely commissioned back to the parent firm, large markets ensure economies of scale in production, which are necessary to overcome the fixed costs of building new production facilities abroad. The inclusion of MktPotent in the regression model controls for the likelihood of choosing a particular market as preferred location for FDI. Finally, Policy stands for the level of corporate tax rate in the foreign country 19 , as well as for a set of economic integration policies, such as free trade agreements (FTA), bilateral tax treaties (BTT) and bilateral investment treaties (BIT). The theoretical FDI literature and the subsequent empirical evidence support the prediction that trade barriers have a positive effect on FDI flows, as it makes exporting a less attractive strategy for market access. At the same time, trade barriers discourage FDI because of difficulties in importing goods produced by the vertically integrated foreign affiliates. However, less is known about the impact of trade costs on intra-firm service flows. To the extent that intra-firm exports of headquarter services complement foreign direct investments in manufacturing, then host country trade openness and FTAs should have a negative effect on service exports by the parent to its foreign affiliates, while BTTs and BITs should have a positive effect on investments. 20 18 It is useful to point out that in the estimation I use data on total communication flows between the U.S. and foreign country j, and not only business or trade-related communication flows. This implies that a major fraction of the overall communication flows are driven by personal consumption reasons. While this adds noise to my communication measure, it also ensures that changes in communication flows happen for reasons independent of intra-firm trade flows, and more accurately reflect changes in average prices.
19 Corporate tax rates serve as control for tax avoidance practices of MNCs via transfer pricing. One of the common ways in which multinational firms shift profits to low tax countries is by manipulating the prices of intra-firm trade transactions (Cristea and Nguyen, 2014) , including the price of intangible assets.
20 See the evidence in Bergstrand and Egger (2007) and Blonigen et al. (2014) among others.
Before discussing the data and the estimation results, it is worth bringing up several points regarding the model specification. First, the estimated effect of communication on intra-firm service exports by skill level could reflect both scale and composition effects. When communication costs change, affecting the match between domestic managers and foreign production workers, the size of the production team changes as well, affecting the scale of production and, implicitly, the total amount of knowledge transfers. So, in interpreting the elasticity β 2 one should consider both mechanisms. To the extent that the gravity control variables included in the regression already explain a large fraction of the variation in FDI levels across countries, then it is possible that the labor composition effects are responsible for a considerable share of the estimated effect. However, there is reason to believe that both effects are at play in the data, in which case distinguishing between the skill composition and the scale effects is difficult given the level of data aggregation. 21
A second caveat relates to the high correlation between the average skill level of a country's workforce and other country specific characteristics such as per-capita income or the level of development. This poses difficulties in extending the regression model to account for interaction terms between the cost of international communication and foreign country characteristics other than the skill level. Thus, it could be possible that the estimated coefficients of interest may be contaminated by such omitted interaction terms.
One last point worth considering is that the reduced-form empirical analysis tests bilateral predictions derived from Antras et al. (2006) using a multi-country dataset, even though their theory is a two-country model. In the data, production decisions are not determined only by country-pair characteristics such as communication costs, but also by arbitrage decisions across multiple foreign markets. To the extent that the country-specific effects and time-varying control variables (e.g., market potential) account for investment opportunities in third countries, then the estimated coefficients should not be affected by this transition from the two-country theory set-up to a multi-country data environment. However, in the event that the model specification does not properly account for cross-country arbitrage opportunities, this may affect the estimated coefficients.
Data Sources
There are three pieces of information that are essential for the econometric estimation: 1) data on the value of intra-firm knowledge transfers, 2) data on the average skill level of workers in the foreign market, and 3) information on cross-border communication costs. The data used in the empirical exercises is for the U.S. The limited data availability on intra-firm services trade reduces the estimation sample to 32 foreign countries observed over the period 1993-2008. The Appendix   Table A1 lists all the countries in the sample.
A challenging variable to measure is the flow of cross-border knowledge transfers, broadly defined. The aim is to find an appropriate way to capture the interdependence between the activity of foreign affiliates and the knowledge inputs provided by their parent firms in the U.S. My approach is to consider the intra-firm export of services from the headquarters to their foreign affiliates. I employ publicly available BEA data on aggregate related party trade in "other private services", of which the largest category are business services. 22
Data on the average educational attainment by country and year come from the Barro and
Lee (2010) Figure A2 . The Appendix Figure A3 shows the average exports of other private services by country from U.S. multinational firms to their foreign affiliates over the sample period (values in logs).
23 An alternative measure of skill abundance is the fraction of adult population with at least secondary education (Antras et al., 2008) . Since the correlation coefficient between the two educational attainment measures is 0.91, I decided to report estimation results using only average years of schooling. The empirical analysis based on the alternative skill measure is available upon request.
24 For example, Cristea (2011) finds that business travels are important in cross-border trade relations. This could be one explanation for why Head et al. (2009) find that service offshoring is sensitive to distance. In face of costly communication, Keller and Yeaple (2013) argue that multinational firms optimally chose to move abroad only those activities that can be easily codified and transferred at distance. This could indirectly suggest that telephone and electronic communication might be the more prevalent mode of communication in international transactions. To complicate matters more, Gaspar and Glaeser (1998) argue that telephone and face-to-face communication are complements in production rather than substitutes. treaty information is compiled from various sources: the United Nations Conference on Trade and Development (UNCTAD) provides data on the bilateral investment treaties (BIT) signed between the U.S. and foreign countries; information regarding the countries with which the U.S. has signed free trade agreements is available from the CEPII gravity database as well as the WTO website; finally, data on bilateral tax treaties is provided by the Internal Revenue Service.
Further details on data sources and variable construction are provided in a supplementary web appendix. Table 1 reports the summary statistics of all the variables used in estimating the regression specification given by equation (6).
One potential concern about the model identification is the correlation between the explanatory variables, in particular between the changes over time in economic development (i.e., per-capita GDP), trade openness, ease of knowledge transfers and educational attainment. To address this concern, Table 2 reports the correlation coefficients between the left-hand side regression variables.
To ensure that the correlation coefficients reflect the same (residual) variation as used for model identification, each variable is first demeaned from country and time specific effects. Glancing over the coefficients, one point worth mentioning is the low correlation between the bilateral communication variables and the average skill level across the countries in the sample (the only exception is Internet penetration). This is important because it suggests that the interaction term between communication and skill is not highly collinear with each individual variable, and thus can be precisely estimated. Table 3 reports the main estimation results using as measure of communication cost the international calling rate per minute of conversation to a foreign country. Column 1 reports the baseline specification that includes only the key FDI determinants suggested by the knowledge-capital model, expressed in log-linear form. Column 2 adds the interaction term between communication cost and the average skill level in the host country, which is my main variable of interest. The coefficients of the main variables of interest have the expected signs and are highly significant. In both specifications, costly communication with foreign workers impacts in a negative and significant way the share of exports in headquarter services. However, the negative effect of the high calling rates is mitigated by the average skill level of the foreign workforce. The higher the educational attainment of the foreign workforce, the smaller the effect of communication cost becomes. This effect is consistent with the hypothesis described in the theory section. One explanation for this result is that easy communication allows U.S. managers to better exploit their capabilities by teaming up with less skilled foreign workers, because such workers witness a much faster growth in labor productivity conditional on having easy access to managers' knowledge. On the other hand, for locations abundant in skilled labor, international telephone rates have a smaller or even insignificant effect on the share of intra-firm services trade.
Estimation Results

Share of Headquarter Service Exports
A potential concern with the results reported in column 2 is omitted variable bias. It is possible that the estimated effects are driven by unobservable factors that not only determine the export of headquarter services relative to total service exports, but are also correlated with both cross-border communication costs and with the average education level in the foreign country. For example, countries that have institutions of higher quality could have more educated workers on average. Similarly, countries that are better connected to global production networks could invest more in communication technologies. To a large extent, these observations should not be a major problem since the dependent variable was intentionally expressed as a share term so that factors that affect to the same extent intra-firm and arm's length service exports will automatically drop out of the regression. In fact, even when the impact of an unobservable variable is not identical on each form of trade, still it will only have a net effect on the fraction of headquarter services in total service exports, which significantly reduces the likelihood of omitted variable bias. Nevertheless, to remove any remaining concerns, column 3 adds a set of time-varying country-specific controls such as the strength of ethnic networks, the level of corporate taxes and of exchange rates, as well as several international policy indicators. While all the control variables have the expected sign with some of them being significant, adding them to the regression equation leaves the sign and econometric significance of the variables of interest unaffected.
To push the identification strategy a step further, column 4 adds to the model specification country fixed effects. To a large extent, the main differences across foreign locations are already accounted for by the country-specific controls such as population, income level, relative factor abundance or trade openness. Nevertheless, by adding the country fixed effects I ensure that the coefficients of interest are identified only from the time variation within each country pair. As expected, the results reported in column 4 do not change qualitatively. Although the magnitude of the estimates decreases, the sign and significance of the coefficients of interest do not change. I continue to find evidence that while communication costs affect negatively the share of headquarter services in total service exports, this negative effect gets mitigated by the skill level of the foreign workforce.
So far, calling rates have been taken as exogenous to the export share of headquarter services.
Even though price levels represent equilibrium outcomes, communication is a service consumed both for business and for personal purposes. Moreover, multinational firms account for only a fraction of the business-driven demand for international telecommunication. So, while calling rates are most likely not exogenous to country-specific characteristics, they are probably taken as given by a subset of users.
Nevertheless, to avoid relying on conjectures, I exploit information on two exogenous shocks to calling rates and use them as excluded instruments. First, I construct a weighted average of the U.S. calling rates to neighboring countries, where the weights are the bilateral distances from the country whose prices are instrumented for to all the other countries in the sample (i.e., instrument for P call i using j =i P call j dist ij ). The motivation for this instrument comes from the strong network effects associated with major investments in telecommunication infrastructure. Second, I calculate the imbalance between U.S. outgoing and incoming phone-call minutes within a bilateral pair. This is because an important cost component of international calling prices are the settlement rates, which are the negotiated rates at which the one country compensates the other for the excess minutes terminated over its domestic telecom network. Being an important call originating country, the U.S. may be able to negotiate lower settlement rates with its partners.
Column 5 of Table 3 provides the estimates obtained from instrumental variables methods.
The 2SLS estimates have the expected sign and are almost the same in magnitude as the OLS counterparts in column 4. Also, the excluded instruments perform well. Consistent with expectations, they are correlated with the endogenous variables (as seen from the F-statistics reported at the bottom of the table), and they are orthogonal to the regression residual from the export share of headquarter services (as suggested by the low Hansen J statistic). Moreover, a Hausman test of endogeneity fails to reject the null hypothesis of exogenous calling rates, thus confirming initial claims. 25 Based on this evidence, throughout the rest of the paper, I will assume that multinational firms take calling rates as given.
The marginal effects of communication costs on the share of intra-firm exports of headquarter services are reported in the bottom part of Table 3 . I evaluate the marginal effects at the sample mean for educational attainment, respectively at one standard deviation above or below the sample mean. Across all specifications, the estimates suggest that at an average skill level below the sample mean, lower communication costs have a positive and significant effect on the import of headquarter services by foreign affiliates. Figure 1 plots the marginal effect of calling rates on the export share of headquarter services using estimates from the fixed effects specification. The marginal effects are calculated over the range of values for the average skill level of the foreign workforce that is observed in the data sample. The direct effect of the interaction term between communication and skill level is evident from the positive slope of the fitted line of marginal effects.
To provide more intuition for the economic significance of the results, the estimates suggest that moving from the level of educational attainment in the Philippines, which corresponds to the 25th percentile of the skill distribution in the sample in 2006, to the level of educational attainment in Norway, which corresponds to the 75th percentile of the skill distribution, the impact of communication cost is reduced by 103%, and this induces an additional increase in the export share of headquarter services of 0.14 percentage points.
Overall, the results in Table 3 provide strong evidence for the hypothesis that the negative effect of communication costs on the share of service exports by U.S. parents to their foreign affiliates is related in a systematic way to the average skill level of the foreign labor force. Conditional on key country characteristics, high cross-border communication costs inhibit to a lesser degree the export of headquarter services (relative to total service exports) as long as the foreign country is abundant in skilled labor.
Next, I examine the sensitivity of previous findings to an alternative communication measure: the volume of international telephone calls (in minutes). The motivation for using a quantity measure rather than a price measure for the easiness of international communication comes from the fact that the overall cost of transmitting information at distance depends not only on monetary 25 The Chi-squared statistic from the Durbin--Wu--Hausman endogeneity test for calling rates is 1.347, with an associated p-value of 0.51.
costs but also on non-monetary costs. For example, the time zone difference or the quality of the telecommunication infrastructure have a direct influence on the cost of cross-border communication.
In what follows, I re-estimate the regression specification in equation (6) using the minutes of international phone calls between the U.S. and the foreign country j as proxy for the (inverse of) communication costs. This approach raises one empirical challenge though. While calling rates have the advantage of being exogenous to intra-firm business service transactions, the volume of communication may not be. Growth in multinational production to a given foreign country j may result in a significant increase in the volume of telephone calls undertaken to that destination.
Given this potential endogeneity, I instrument the volume of telephone calls using two exogenous instruments. The first instrument is the price per minute of international phone call to a destination country (i.e., the same variable exploited previously). The second instrument captures the nonmonetary costs of communication, and consists of the time zone difference between the U.S. and the foreign country j interacted with a linear time trend (to avoid perfect multicollinearity with the country fixed effects). Each of the two instruments is interacted with the average skill level in the host country to generate corresponding exogenous instruments for the interaction term.
The validity of both variables as exogenous instruments depends on two conditions being met: 1) the cost of phone call conversations, proxied by the two instruments, must be highly correlated with the observed volume of telecom traffic; however, 2) these instruments must be uncorrelated with the residual from the regression explaining the export share of headquarter services. At first, the latter condition may seem more problematic to ensure. However, it is useful to emphasize again that the dependent variable in these models is the export of headquarter service normalized by the total exports of services. This aspect plays a crucial role in validating the excluded instruments, and in identifying the model coefficients. This is because a shock to a country's telecommunication infrastructure that affects both the price of phone calls and the volume of headquarter service exports, is possibly going to also affect the total volume of service exports. So, by focusing on the share of headquarter services in total service exports, many of the unobservable factors that may affect a country's telecommunication and trade flows simultaneously, are already controlled for, eliminating any correlation between the proposed instruments and the regression residual. The same line of argument applies equally well to the use of time zone differences as excluded instrument.
While time zone differences may have a direct impact on service exports, they should affect not only the level of intra-firm trade in services but also the level of trade between unaffiliated parties. However, this level effect nets out once I construct the ratio of headquarter service exports to total service exports, leaving no correlation between the trade shares and time zone differences. In light of these arguments, I believe it is reasonable to claim that the proposed instruments are valid, and to expect them to perform well in the regression. Standard statistical tests will provide further evidence on the performance of the suggested instruments. Table 4 reports the estimation results. For comparison purposes, column 1 shows the OLS estimates, and columns 2 to 4 report the coefficients from both stages of the instrumental variables estimation. All the coefficients of interest have the expected sign -which is opposite from what was found earlier when using calling rates -and are highly statistically significant. This finding reinforces prior results. 26 The ease of communicating with foreign workers, as captured by high communication flows, has a significant and positive effect on the share of headquarter service exports. The same is true about the average educational attainment of foreign workers. More importantly for the question addressed in this paper, the coefficient on the interaction term suggests that the average skill level of the foreign workforce matters for determining the export share of headquarter services, particularly when telecommunication is limited and difficult to establish. In fact, the marginal benefit of skill decreases once information transmission becomes really easy. Table 4 . They also match the findings discussed previously for the case of telephone rates. All the other regression variables have the expected sign and their magnitudes do not change very much compared to OLS levels.
Alternative Measures of International Communication.
To verify the robustness of previous findings, I experiment with alternative measures of international communication flows. In particular, I use information on two different modes of communication:
face-to-face communication, proxied by international air passenger flows, and electronic communication, proxied by Internet penetration rates (i.e., Internet users per 100 people). Table 5 reports the regression results. Since both communication indicators are quantitative measures and therefore suffer from the same endogeneity problems as in the case of international telephone calls, I provide regression results using OLS as well as 2SLS methods. Focusing on air travel estimates first, I instrument air travel flows using data on the average annual airfare, on the average number of flight segments needed to reach a foreign destination, and on fuel costs as proxied by the interaction between geographic distance and fuel prices. The first two variables are also interacted with the average skill level of a foreign country and used as excluded instruments for the interaction terms involving the endogenous communication measures. Column 1 reports the OLS estimates, followed by the 2SLS estimates in column 2. The first stage coefficients for the excluded instruments are reported in columns 3 and 4. The excluded instruments perform well as suggested by the first stage statistics available at the bottom of the table.
Overall, the results have the expected sign and magnitude, giving support to prior findings based on telecommunication data. Both the OLS and 2SLS estimates suggest that while air travel has a direct positive effect on the export share of headquarter services, the benefits of good communication are less valuable when the average skill level of foreign workers is high. To provide more intuition for the economic significance of the results, moving the level of educational attainment from the 25th percentile (e.g., the Philippines) to the 75th percentile (e.g., Norway) of the skill distribution in 2006, the trade share reducing effect of air travel is amplified by 88%, and this induces an additional reduction in the export share of headquarter services of 0.35 percentage points.
The same pattern of results is found in columns 5-8, which report the estimates based on Internet penetration rates at country level. Focusing on columns 5 and 6 for the OLS and second stage IV estimates, it is again the case that communication appears as an important determinant of headquarter service exports, along with the average educational attainment of the workforce in the foreign country. The interaction term between the two variables, i.e., the coefficient of interest, has the expected negative sign but the effect is weakly identified, becoming insignificant in the 2SLS estimation. The challenge in getting clean identification for these results can be attributed to two factors. One could be the relatively high correlation between Internet penetration and average skill level, as reported in Table 2 . This leaves less independent variation to be used for identifying the interaction term. The second explanation could be that Internet penetration -by being a communication measure heavily influenced by the level of per-capita income and overall development in a foreign country -has a pretty limited set of qualifying instrumental variables.
The excluded instrument used here to correct for the endogeneity of Internet penetration rates is the U.S. billed revenue per minute of international telephone calls. The first stage estimates are reported in column 7 for Internet penetration, and in column 8 for its interaction with the average skill level in the foreign country. The excluded instruments seem valid in that they are correlated with the endogenous variables they instrument for as evidenced by the F-statistics at the bottom of the table. Lacking more choices for excluded instruments, the regression model is exactly identified, preventing a test of overidentifying restrictions.
Nevertheless, using this evidence in combination with the results already presented, it seems that by either measure of international communication, the main message suggested by the estimates is the same: the ability of headquarters to communicate and get involved in the activity of foreign affiliates is important, particularly for developing countries that are scarce in skilled labor.
Service Exports to Unaffiliated Parties.
As a robustness exercise, I perform a falsification test to verify the consistency of the main results with the theoretical hypothesis. 27
The premise of the empirical analysis is that the substitution effect between the knowledge inputs provided by the headquarters and the skill level of the foreign production team comes from the need to efficiently organize production and knowledge transmission inside multinational firms.
So, by design, the framework applies only to activities carried within the boundaries of multinational firms. This means that I should not be able to find the same substitution pattern affecting the volume of exports of other private services taking place between unaffiliated parties.
To check this intuition, I estimate the same regression model as before but using this time the value of unaffiliated service exports as dependent variable. While communication barriers may affect the export of services to unrelated parties, it is not clear why this effect should vary systematically with the average skill level in the foreign country other than because of income effects, demand sophistication or industrial composition. However, all these determinants should be accounted for in the regression model by the country-specific control variables and by the country fixed effects. Table 6 to estimates with sign that is opposite than expected). This provides further support to the fact that the identified substitution effect between service exports and labor inputs is not mechanical, and only applies to cross-border service flows that are directly related to the internal organization of production in multinational corporations.
27 One other robustness exercise that is omitted from the paper exploits the theoretical implication that the size of foreign affiliates (i.e., value of the cross-border production) increase as a result of lower communication costs. This is because U.S. managers can now train larger teams of foreign workers, thus increasing their span of control. An empirical question is whether this effect is more pronounced at low levels of educational attainment. In unreported results available upon request, I investigate the effect of communication on the total sales of majority-owned foreign affiliates and find support for this insight. Average Skill Level (log)
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Note: Marginal effects are calculated based on the estimates reported in Table 3 column 3. The vertical reference line is drawn at the sample mean for the average educational attainment variable, and it identifies the average marginal effect. The results correspond to the regression equation (6). The sample covers U.S. exports of "other private services" to 32 countries over 1993-2008. All continuous variables are expressed in logs. The dependent variable is calculated as the exports of services by parent firms to their foreign affiliates divided by the total exports of services. International communication is measured in cost terms as the calling rate per minute of phone call conversation. The skill level variable is defined as the average educational attainment of the foreign workforce. The remaining regression variables are standard for explaining bilateral trade or FDI flows. All estimates are obtained by OLS, except for the last column of 2SLS estimates. The calling rate and its interaction term are instrumented using as excluded instruments a distance-weighted average of other countries' calling rates, as well as the calls imbalance between U.S. outbound and inbound minutes of phone calls by country. Table 3 apply here as well. International communication is measured in quantity terms using two alternative proxies: the number of international air travelers, and the Internet penetration rate in the foreign country (i.e., Internet users per 100 people). Each communication measure and its interaction term with average education level in the foreign country are instrumented for using various cost determinants. Columns 3 and 4, respectively 7 and 8 report the list of excluded instruments and their first stage coefficients. All specifications include a complete set of control variables and fixed effects (identical to column 4 of Table 3), which are omitted from the table but available upon request. The results correspond to the regression equation (6), but with the dependent variable changed to either the total export of other private services to unaffiliated parties (Panel A), or its share in total service exports (Panel B). All continuous variables are expressed in logs. Each specification includes the full set of control variables and fixed effects (identical to column 4 of Table  3 ). Both price-based (column 1) and quantity-based (columns 2 to 5) communication measures are used in the estimation, using information on phone calls and air travel flows. The quantity regressions are estimated by OLS and 2SLS using the same excluded instruments as previously presented in Tables 4 and 5 (first stage estimates are omitted but available upon request). IDN  THA  VEN  BRA  CHN  SAU  MEX  SGP  ZAF  PHL  MYS  ITA  ARG  GBR  CHL  ESP  HKG  FRA  TWN  CHE  BEL  KOR  GER  JPN  NLD  SWE  CAN  ISR  NOR  AUS  NZL 
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Exports of Headquarter Services by U.S. Multinationals
Note: The horizontal bars measure the sample average for the value of intra-firm service exports by U.S. parents to their foreign affiliates. The data is restricted to other private services, and the source is the BEA. 
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